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Oil and water are immiscible fluids but they can still be "mixed" on the colloidal length scale, by forming droplets of one into the other. The resulting systems, emulsions, are intrinsically unstable and spontaneously evolve with time. Two mechanisms are known for the coarsening of an emulsion: droplet fusion (coalescence) and molecular exchange through the continuous phase (Ostwald ripening). [1] The availability of these mechanisms determines the kinetics of the coarsening and it is thus widely believed that if both coalescence and Ostwald ripening are blocked, then emulsions are trapped in a metastable state.
However, rapid coarsening of emulsions has been observed under conditions where both coalescence and Ostwald ripening are strongly hindered. For instance, emulsions of hydrocarbon oils that are poorly soluble in water and protected by very strong monolayers of non-ionic surfactants, have been reported to coarsen rapidly. [2] [3] [4] [5] [6] This observation led to the proposition that there was another mechanism for the exchange of oil molecules between droplets, which would take place during collisions, through the exchange of oil molecules across the droplet-droplet interface. [2, 3, 5] If such a mechanism exists, it has serious consequences on the various uses of emulsions, both for industrial and academic purposes. Indeed, the existing formulation tools to hinder coalescence, by using surfactant layers of high preferred curvature, [7, 8] and Ostwald ripening, by trapping a poorly water-soluble specie in the droplet, [9] may then fail to ensure any control of the emulsion metastability and structure. On the brighter side, identifying this mechanism would lead to a better understanding and thus better control of emulsions as delivery vectors. An abundant literature exists for applications where emulsions must deliver molecules to cells or microorganisms, a key issue in food and pharmaceutical industries. [10, 11] As these drug molecules are becoming more and more hydrophobic over the years, a pathway that does not require solubilization in an aqueous phase is of outstanding importance for delivery purposes. A mechanism of transfer by collisions between oil droplets and cells has been suggested based on global kinetic experiments. [12] Here we demonstrate that such a transfer mechanism exists and can in fact dominate the coarsening for emulsions stabilized by non-ionic surfactants. We use a recently developed method to produce monodisperse nanoemulsions in which all the surfactant is used at interfaces of the droplets, and none is left over as "free" surfactant micelles in the continuous phase. [13, 14] This avoids the possibility that oil molecules could be extracted from one droplet by a colliding micelle, transported inside that micelle, and delivered to the surface of another emulsion droplet. [15] Moreover, the very small size of the droplets (initial radius 10 nm) prevents deformation of the droplet surfaces as they collide. Finally, this very small size also prevents gravity-induced separation (creaming) of the largest droplets as the coarsening progresses. All the nanoemulsions had the same composition: 1 % oil, 1 % polyoxyethylene alkyl ether (C i E j ) surfactant, 98 % water. The properties of this class of surfactant are regulated by temperature, which controls the hydration of the hydrophilic head. [1] At temperatures lower than the phase inversion temperature of the system, emulsions are expected to be protected against coalescence. [7, 8] We examine two types of exchange: 1) exchange of identical oil molecules between droplets of slightly different sizes, driven by the reduction of total interfacial area (sizedriven) and 2) exchange of different oil molecules between droplets of identical sizes, driven by the mixing entropy of the oils (composition-driven).
We measured the variation with time of the droplets mean volume using dynamic light scattering and cumulant analysis, since the autocorrelation function exhibits a single decay. Panel A of Figure 1 displays the variation of the mean volume growth rate of the droplets, dð oil solubility in water, for three temperatures. The black line corresponds to the theoretical rates, nearly independent of the temperature in the observed range, calculated from the Lifshitz-Slyozov-Wagner (LSW) theory corrected by the concentration of the droplets (see the Supporting Information). At 20 8C, the experimental rates are consistent with theory for the most soluble oils (decane, dodecane), but deviate for the less soluble oils (tetradecane, hexadecane). At higher temperatures, the deviation between experimental and theoretical rates increases by orders of magnitude: Ostwald ripening is not the coarsening mechanism. We are thus monitoring an exchange process between oil droplets that does not take place through the continuous aqueous phase but through direct contacts between droplets. To confirm this, we added 4 % of sodium octylsulfate anionic surfactant in the interfacial film of the droplets (with no impact on their size). This resulted in a decrease of the growth rate, as shown in Figure 1 (see also the Supporting Information). Therefore, preventing droplet contact through long-range repulsions indeed slows down this exchange mechanism. An additional argument in favor of a contact mechanism is the rapid increase of the growth rate with the droplet concentration (see Supporting Information), which is inconsistent with the weak concentration dependence of Ostwald ripening. [16] The set of growth curves for the poorly water-soluble hexadecane oil is displayed in panel B of Figure 1 as a function of temperature. The growth rate increases by orders of magnitude with the temperature, and thus with the surfactant hydration, which also shows the importance of the surfactant film and points towards a contact process (see the Supporting Information). We obtained similar results with other types of emulsions with larger mean diameters and polydispersities.
We now turn towards demonstrating that this coarsening mechanism is not droplet coalescence, although it operates upon droplet contact. Distinguishing two mechanisms operating at contact through a size distribution analysis is difficult. Instead, we used a method that consists in tracking the oils originating from different droplets. We added a highly efficient exchange drive, which is the mixing entropy of different oils. To ensure that the mechanism remained unchanged we used oils of identical physicochemical properties, except for their neutron scattering length densities. We designed a contrast-manipulated small-angle neutron scattering (SANS) experiment, in which the contrast between droplets and bulk is easily tuned by selective deuteration. This experiment was performed on the D11 instrument at ILL. [17] We prepared two nanoemulsions of identical chemical composition but different isotopic composition: the first one was made of normal hexadecane, C 16 Contrast manipulated small-angle neutron scattering (SANS) experiment. Parent emulsions scattered intensities are displayed as black squares (C 16 H 34 ) ("black droplets") and black circles (C 16 D 34 ) ("white droplets"). The scattered intensity of the 1:1 mixture of these two parent emulsions is displayed as red diamonds. The continuous phase is a H 2 O/ D 2 O mixture that nearly matches the scattering length density of the 1:1 mixture of the two oils, leading to zero contrast if the droplets exchange molecules. Panel A displays the first few minutes of the experiment: the scattered intensity of the 1:1 mixture collapsed to a plateau value, which means full exchange took place, while the scattered intensities of the parent emulsions, thus their droplets sizes, remained constant, which means coalescence did not occur. This exchange is also much faster than the prediction from a composition-driven Ostwald ripening mechanism (orange line). At longer times, displayed on panel B, the parent emulsions scattered intensities rise slowly and linearly due to the reduction of interfacial area, with the same rate as displayed on Figure 1 . Figure 2 displays the scattered intensities, extrapolated at low scattering vector magnitude q, of "parent" emulsions (C 16 H 34 black squares and C 16 D 34 black circles) and the 1:1 mixture of the two (red diamonds). Panel A displays the first minutes of the exchange. The "parent" emulsions yielded a constant scattered intensity, in the ratio of their contrast with the bulk, which directly means that the droplet size was constant over that time range. This lag time was also observed in our dynamic light scattering measurements as seen on Figure 1 and corresponded to an increase of the polydispersity of the population. Strikingly, the intensity of the 1:1 mixture of the two emulsions collapsed to a very low value during this lag time. This implies that the contrast of the droplets of the mixed emulsion vanished within a few minutes, and thus that they had fully exchanged their oils. Since this exchange took place at constant droplet sizes we can rule out coalescence as the exchange mechanism. Panel B shows that at much longer time, the intensity of the "parent" emulsions slowly increases and thus that the droplets grew through uneven exchange of oil molecules. The growth rate was identical to the one deduced from previous dynamic light scattering measurements displayed on Figure 1 .
This set of data also confirms that an Ostwald ripening mechanism cannot account for the observations. Indeed, the theoretical rates corresponding to droplets exchanging their oil molecules through the continuous aqueous phase do not match the experimental rates, whether for compositiondriven (compare orange line to red symbols in Figure 2 ) or size-driven (compare gray lines to black symbols in Figure 2 ) Ostwald ripening (full calculation in the Supporting Information).
We now turn towards the microscopic mechanism through which oil molecules are exchanged between droplets at contact. Figure 3 displays three pathways. Pathway I consists in the non-correlated permeation of oil molecules across an unperturbed bilayer: [3] the transport rate is determined by the crossing of the two hydrophilic layers, in which the oil solubility is very low. Pathway II corresponds to the opening of transient channels in the surfactant films allowing several oil molecules to go through: [2] since we are far from the phase inversion temperature, the spontaneous curvatures of the surfactant films are high and the hole growth is controlled by the two bending constants k and " k. [7, 8] Pathway III results from a synchronous decrease in the thickness of both hydrophilic and hydrophobic surfactant layers, with a correlated increase in the area per surfactant molecule.
These pathways will be differently impacted by increasing the surfactant hydrophilic and hydrophobic chains. We thus prepared similar nanoemulsions with two series of pure surfactant homologs. The first corresponds to an increase of the hydrophilic chain length, C 12 E 5 , C 12 E 6 , C 12 E 7 . The second corresponds to an increase of the hydrophobic chain length, C 12 E 6 , C 14 E 6 , C 16 E 6 . The results are displayed on Figure 4 and show that increasing either the hydrophilic or the hydrophobic chain length results in a decrease by orders of magnitude of the contact ripening rate.
The influence of the hydrophobic chain length is inconsistent with pathway I, which is only limited by the hydrophilic layer. The symmetrical influence of both hydrophilic and hydrophobic chain length on the exchange rate is also inconsistent with pathway II since the bending constants only weakly depend on the chain length and in an asymmetrical manner: increasing the hydrophobic chain length results in a weak increase of k while increasing the hydrophilic chain length results in a weak decrease of " k. [18] Also this pathway is incompatible with the strong increase of the ripening rate with the temperature, although the system is much below its phase inversion temperature. [7] Only pathway III is consistent with the data from Figure 4 as local fluctuations in the area per surfactant molecule will be hindered by increasing both hydrophobic and hydrophilic chain length.
To conclude, we have demonstrated that even if both coalescence and Ostwald ripening are blocked, another mechanism, contact ripening, may allow molecular exchange between emulsion droplets. Two types of parameters control the contact ripening rate: those that control the surfactant . Growth rates for similar emulsions prepared with two series of surfactant homologs, C 12 E 5 , C 12 E 6 , C 12 E 7 and C 12 E 6 , C 14 E 6 , C 16 E 6 . The growth rate decreases by orders of magnitude with increasing either the hydrophobic chain or the hydrophilic head. This corresponds to the hindrance of density fluctuations in the surfactant layers when using longer amphiphilic molecules.
layer structure, such as its hydration and cohesiveness, and those that control the probability of collisions, such as the concentration of droplets and long-range repulsions. Exposing this previously hidden pathway brings an array of opportunities: if the desired application requires to store the emulsion in a metastable state, we can now make sure all the exchange pathways are efficiently blocked, while if emulsions are used as delivery carriers we can now improve the transfer.
